The failure of orthotropic materials, traditionally described by Hills criterion, in terms of the anisotropy ratio r, i.e. the ratio of transverse to through thickness increments of logarithmic strain, is studied in the present work. In spite of the critical role of r for the description of the failure of such materials, its quantification is not yet standardized. Based on results obtained from long series of experiments r is here quantified, for the case of a modern particulate composite material, extensively used in aerospace applications. The variation of r versus the level of the plastic strain is determined and it is concluded that its values depend both on the orientation of the specimen and load with respect to the initial orthotropy axes as well as on the plastic strain induced in case the specimen and load are not oriented along one of the axes of orthotropy.
INTRODUCTION
Metal Matrix Composites (MMCs) combine the mechanical properties of metallic materials with those of ceramic ones. As a result they are very attractive for practical applications since they are characterised by high strength, high elasticity modulus, high toughness, relatively low sensitivity to thermal shocks and temperature changes, high surface durability, high thermal and electrical conductivity. On the other hand, ductile metal matrices, such as aluminum (used in the present work), titanium or nickel-chromium alloys undergo energy-absorbing plastic deformation under impact, which is very important in a number of dynamic structural applications [1] . However, it is noted that the presence of cracks deteriorates the strength advantages of MMCs: Pairs of matrix alloys and MMCs are reported for which under specific loading conditions the fracture toughness of the matrix is higher compared to that of the composite material [2, 3] .
Reinforcement materials include carbides, oxides, nitrides and even elemental materials and can be of either one-(fibrous) or two-(laminar) or even three-(particulates) dimensional shape [4] . The last class includes composites with more than 20% of the reinforcing dispersed phase. Particulate MMCs are non-homogeneous materials and their properties are sensitive to the constituent properties and geometric shapes of the array. Their strength depends on the diameter of the particles, the interparticle spacing and the volume fraction of the reinforcement. The main advantage of the particulate MMCs is that they are isotropic materials without any kind of macroscopic texture anisotropy, at least from a Continuum Mechanics point of view [1] , since the material is symmetrical across the three orthogonal planes. However, during the various manufacturing processes, used for the production of these materials, plastic deformations are developed and a preferred orientation of the grains appears which is the reason for the plastic or stress induced anisotropy. This type of anisotropy is the rule rather than the exception to the metallurgists and it is well established that it is of extreme importance during deep drawing processes since it governs the strain ratio (defined as the ratio of the in-plane transverse plastic strain-rate to the through thickness one for a specimen loaded in tension [5] ) during deformation [6] .
Among the processes used for manufacturing, rolling (the process of reducing the thickness or changing the cross section of a long workpiece by compressive forces applied through a set of counter rotating rolls), accounts for about 90 percent of all metals produced by metal-working processes. The The sheets obtained from rolling processes are orthotropic since the initially spherical reinforcing particles are transformed gradually into elliptic paraboloidal ones, as it can be seen schematically in Fig.1 . The first axis of symmetry lies along the direction of rolling, the second one is normal to the sheet and the third one is perpendicular to both of them (axes 1, 2 and 3, respectively, in Fig.1 ). It is the target of the present work to study experimentally the plastically induced anisotropy during the rolling processes and to quantify the plastic anisotropy ratio, which plays an essential role in the formulation of all criteria developed for the prediction of the mechanical failure of orthotropic metallic materials.
THE FAILURE OF ORTHOTROPIC METALLIC MATERIALS
The failure of orthotropic materials was initially modelled independently by Jackson et al. [8] , Hill [9] and Dorn [10] . The theory proposed by Hill has the advantage of rigour within the basic assumptions adopted and is the most generally quoted one. According to Hill the anisotropy is regarded as being due to preferred orientation and a homogeneous yield function is introduced in association with the classical Levy-Mises flow rule [11, 12] . In the specific case of in plane loading of a rolled metallic plate and relative to coordinates along the three principal directions of orthotropy, the yielding function is reduced to the following simple form:
where (ó x ,ó y ,ó xy ) are the in-plane components of the Cauchy stress tensor and the material parameters F, G, H, N specify the current degree of anisotropy. In Eq.(1), the Bauschingers effect is ignored, it is assumed that the hydrostatic stress tensor does not influence yielding and the four material parameters may depend, in any manner, on the strain history. In this case and in terms of the principal stresses (ó 1 ,ó 2 ), directed at an anticlockwise angle, a, to x and y, respectively, Eq.(1) is rearranged as follows: (2) where a=(F-G)/(F+G)³0 and b=(F+G+4H-2N)/ (F+G) are dimensionless parameters that characterise the anisotropy, ó is the yielding stress under equibiaxial tension and ô is the yielding stress under pure shear parallel to the orthotropic axes. It is observed from Eq.(2) that in its initial formulation, thickness of the rolled sheet varies from about 6 mm (automobile bodies, appliances, containers for food) to 1 mm (commercial aircraft fuselages) or even to 0.008 mm (foils used to wrap cigarettes and candy) [7] . t
The range of validity of the above-described minimal framework has been thoroughly explored by numerous experiments. The consensus is that although well suited to specific metals and textures it is too inflexible in general [5, 13] . To gain a better insight into the failure of orthotropic materials, Hill introduced an improved yield criterion for rolled sheets with both normal and in-plane anisotropy [13] . In terms of intrinsic variables, preferred because they render the decomposition of strain rate into normal and shearing components easier, the criterion is formulated as: ( 0 with respect to the rolling direction:
Assuming that the values of ó 0 , ó 90 and ó 45 , namely the failure stresses under uniaxial tension with (6) It has been proved by Hill [9] that the strain-ratio r a is directly related to the parameters ó, ô, á, b and m that characterise the state of the orthotropic material through the relation:
Applying Eq. 
EXPERIMENTAL PROCEDURE AND RESULTS

The material and its elastic constants
The material used in the present study is the BP-2124 Al-Cu particulate MMC. It is produced by a novel powder metallurgy process, which reinforces the matrix aluminum-copper alloy with extremely fine silicon carbide (SiC) particles. It has excellent mechanical properties (high specific stiffness and high specific strength) as it can be seen from Table 1 , in which the values of the elastic modulus, the tensile strength, the torsional strength and the ductility are shown together with the respective values for the matrix alloy mainly for comparison reasons.
The chemical composition of the matrix alloy is listed in Table 2 . The respective composite material is obtained by adding to the matrix alloy about 20% wt of SiC particles of average diameter 3 ìm [14] . According to the manufacturing process adopted by the producer the raw materials, i.e. the atomised aluminium alloy powder and the silicon carbide micro-grit, are bought-in to an internal specification covering chemistry and size. The powders are then processed and blended to a homogeneous mixture using technology developed at BPs research centre. The mixed powders are then canned, degassed and hot isostatically pressed to full density using conventional aluminum powder metallurgy practices. The hot pressed billets are decanned and converted to wrought product using standard metal working equipment.
The material was available in rolled plates of thickness equal to t o =12 mm. After the specimens were cut from the plate and machined in their standard shape (by slowly removing away material along the thickness direction) they were subjected to heat treatment, as it is suggested by the manufacturer, in order to obtain their optimum mechanical performance. The procedure included solution treatment for ninety minutes at 505 o C and then immediately cold-water quench. No visible distortion or surface cracking of the specimens was observed due to the quenching.
For the determination of the anisotropy ratios, r, one needs first to determine the elastic constants of the material. Towards this direction series of tests were carried out using prismatic specimens of rectangular cross section. The specimens were cut from the rolled plate along three different directions i.e. one along the rolling direction, one perpendicular to it and one of the specimens was used to measure in real time both the transverse and the through-thickness strains as well as the longitudinal ones which are necessary for the determination of the constitutive law.
Gauges were bonded on all four sides of the specimen to monitor possible bending parasitic effects. Series of successive loading-unloading loops was executed in each experiment, in order to measure the pure elastic constants of the material as well as the plastic portion of strains, necessary for the determination of the plastic anisotropy ratio. The results of these tests are plotted in Figs.2 and 3 . In Fig.2 the axial stress is plotted versus the axial strain for all three classes of specimens tested, while in Fig.3 the axial stress is plotted versus the widthand through thickness-strains.
It is seen from Fig.2 that the strength of the material reduces from specimens cut along the rolling direction to specimens cut perpendicular to it. The reduction is of the order of 22%. Concerning the ductility it is noted from the same figure that it increases as a function of the inclination of the specimen by an amount of about 15%. From Fig.3 , it is concluded that the through thickness lateral strain (dotted lines) is considerably higher compared to the width one (solid lines). The difference between the two does not depend on the class of the specimens.
Determination of the elastic constants of 2124 AlCu MMC is achieved using Hookes generalised elasticity law, as it is expressed for orthotropic materials [15] and for a reference system with axes coinciding with the principal directions of elasticity: 
Here E 1 , E 2 , E 3 denote the moduli of elasticity in tension (or compression) along with the principal directions of elasticity, í 12 denotes the Poissons ratio which characterises the decrease in 2-direction during tension applied in 1-direction, etc. For the case of strip specimens cut from the rolled plate and loaded in tension, axis 1 of Eqs. (9) coincides with the rolling direction (0-class specimens) and axis 3 with the in-plane direction perpendicular to the rolling one (90-class specimens) (see further Fig.1 ). Taking advantage of the above Eqs.(9.1) and (9.3) as well as the of results of a suitable curve fitting procedure for the experimental data presented in Figs.(2,3) , in the elasticity regime, one obtains the following Table  3 for the elastic constants which are necessary for the determination of the anisotropy ratios of the material under study. 
The anisotropy ratio r
Unfortunately, the procedure for the experimental determination of the anisotropy ratio, r, is not yet standardised. In order to overcome this difficulty use was made of the standardised specimen (according to the ASTM standards) employed in the determination of the tensile strength. It is emphasised, however, that a recent experimental investigation [16] has pointed out that the value of r depends, among others, on the ratio of the width, w, to the thickness, t, of the specimen.
Concerning the measurement of strains, electrical strain gauges of suitable dimensions were used. It is to be mentioned at this point that considerable difficulties were encountered during the measurement of strain in the case of some relatively thin specimens, the maximum thickness of which did not exceed 3 mm. (Bonding gauges on so thin surfaces was very difficult in practice and some uncertainties appear concerning the validity of the results.) To ensure that no parasitic effects influenced the experimental results, due to such uncertainties, complementary tests were carried out using two different strain measurement methods, namely one based on laser technology and a purely mechanical one based on mechanical extensometers. The differences recorded between all three methods were insignificant.
As far as it concerns the determination of r both an indirect and a direct procedure were adopted. The first one is similar to the one introduced by Mellor [5] , while the second one is based on direct elaboration of available experimental results with the aid of suitable commercial curve fitting software. To apply the first procedure one starts from an auxiliary parameter r pl , defined as:
The second procedure is the direct representation of the function:
e e e = (13) by an analytic function obtained from a curve fitting software. Then r is obtained as the derivative of this function with respect to the through thickness plastic strain. For the vast majority of tests it was proved that for the material under study the most suitable function is one of the form:
Q N F e e e + + = (14) where c, k and n are numerically determined constants.
In Figs.4-6 the variation of the above mentioned parameters is plotted versus the through thickness plastic strain, adopting the representation introduced by Mellor [5] . Specifically, in Fig.4 the variation of r pl , and r (as determined by the direct procedure) is plotted versus the through thickness plastic strain, for the 45-class specimens, i.e. tension specimens cut and loaded at an angle of 45 degrees with respect to the rolling direction. In the same figure and for comparison reasons two additional quantities are plotted: r total , defined as the total width-to the total thickness-strain and r alter , which corresponds to the anisotropy ratio as it is determined using the indirect procedure described above. Exactly the same quantities are plotted for the 0-class specimens in Fig.5 and for the 90-class specimens in Fig.6 .
It can be seen from these figures that the behaviour of the anisotropy ratio, r, strongly depends on the orientation of the specimen with respect to the rolling direction or, equivalently, to the principal axes of orthotropy. More specifically, in case the specimens are cut and loaded either parallel or perpendicular to the rolling direction the value of r exhibits a relatively smooth variation concave either upwards or downwards (after an initial portion of strong fluctuations for the specimens cut perpendicularly to the rolling direction, Fig.6 ) tending to a more or less constant value, that is independent of the final failure strain level. On the contrary, and for the case of 45-class specimens the value of r is not stabilised but rather it increases constantly throughout the whole loading procedure.
Concerning the anisotropy ratio as it is determined by adopting the indirect procedure (denoted as r alter in Figs.4-6 ) it can be seen that it exhibits an almost identical variation compared to r, the only exception being the initial portions of the graphs (early loading steps) for which the behaviour of r alter is opposite to that of r. The same is true for the other two quantities plotted in Figs.4-6 , namely r pl and r total , verifying, i.e. the plastic strain in transverse direction, TD, over the plastic strain in short transverse direction, STD. This parameter is obtained by subtracting from the total strains, recorded during the tests with the aid of the electrical strain gauges, their respective elastic components as determined from Eqs.(9.1-9.3) and the respective stress-strain diagrams. Then the incremental value of r is calculated numerically by the relation: Fig.4 : Variation of the anisotropy ratio r and r alter , the plastic ratio r plastic and the ratio of the total width to total thickness strains, r total , for specimens cut and loaded along 45 o with respect to the rolling direction.
Fig.5:
Variation of the anisotropy ratio r and r alter , the plastic ratio r plastic and the ratio of the total width to total thickness strains, r total , for specimens cut and loaded along the rolling direction. Fig.6 : Variation of the anisotropy ratio r and r alter , the plastic ratio r plastic and the ratio of the total width to total thickness strains, r total , for specimens cut and loaded perpendicular to the rolling direction.
thus, the assumption that even for the case of the relatively brittle material studied here the elastic portion of the total strain is negligible.
Taking advantage of the above-presented experimental results one can determine the limiting values of r, which will be used for the determination of the parameters of the failure criterion, adopting the additional assumption that the loading history is relatively far from the initial yield point, assumption tacitly adopted, also, by Hill [13, 17] . These values are listed in Table 4 , together with the respective ones determined by the indirect approach, for all three classes of specimens. Table 4 : The anisotropy ratio just before failure for the three classes of specimens for 2124 Al-Cu MMC. 
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RESULTS AND DISCUSSION
Using the values of Table 3 for the elastic constants and, also, those of Table 4 for the strain anisotropy ratios, r, one can solve the system of Eqs. Table 5 .
Finally, for the material under study, Hills failure criterion of Eq. (4) is written in the form:
It is important to note at this point, that Hills criterion is to be considered with consciousness of the fact that the values of the parameters of Eq.4 were tacitly assumed to be constant, independently of the direction at which the specimen was cut and loaded with respect to the rolling direction. However, such an assumption is not a-priory valid, and is strongly related to the question set forward independently by Dafalias [18] and Loret [19] [20] . A definite answer to these questions requires exhaustive experimental evidence from a wider variety of orthotropic materials and loading conditions. However, in the light of the results concerning the variation of the anisotropy ratio for the three classes of specimens studied in the present work, one can conclude that in case the specimens are cut and loaded at directions that do not coincide with the initial orthotropy axes (45-class specimens), the values of the strain ratio do not remain constant. Thus, the parameters of Hills improved failure criterion cannot be assumed constant during the loading procedure and equivalently the rotation of the orthotropic axes should not be ignored. Taking into account the above discussion one can, also, explain the difference between the experimentally determined value for r 45 (r 45,exp =0.70, Table 3 ) and the one obtained by solving Eq.(8.3) with respect to r 45 which is found equal to r 45, th =0.89.
The above conclusions strengthen the respective ones drawn by Kim and Yin [21] for rolled steel specimens. They found out that the orientations of the orthotropy axes are changed within a few percent of the tensile strain and with the progress of the tensile strain they are aligned along the tensile loading-and the transverse direction.
Before coming to an end one should mention the influence of the residual stresses, which were not considered in the present study. It is accepted that residual stresses, especially in particulate reinforced MMCs can be responsible for many mechanical changes including anisotropy. Although the analysis of the residual stresses is beyond the scope of the present paper, it is mentioned here that extensive study of the 2124 MMC with the aid of SEM and TEM techniques verifies the above options: The rupture of 2124 MMC is in generally initiated in the matrix alloy in the immediate vicinity of the SiC particles. The dislocation density is much higher in the grains in contact with the particles. The cracks are initiated in this region because there are high residual stresses due to the coefficient of thermal expansion mismatch [22] . (15) 
